Metabolic remodelling is an integral part of the pathogenesis of heart failure. Although much progress has been made in our current understanding of the metabolic impairment involving carbohydrates and fatty acids in failing hearts, relatively little is known about the changes and potential impact of amino acid metabolism in the onset of heart diseases. Although most amino acid catabolic activities are found in the liver, branched-chain amino acid (BCAA) catabolism requires activity in several non-hepatic tissues, including cardiac muscle, diaphragm, brain and kidney. In this review, the new insights into the regulation of cardiac BCAA catabolism and functional impact on cardiac development and physiology will be discussed along with the potential contribution of impairment in BCAA catabolism to heart diseases. A particular focus will be the new information obtained from recently developed genetic models with BCAA catabolic defects and metabolomic studies in human and animal models. These studies have revealed the potential role of BCAA catabolism in cardiac pathophysiology and have helped to distinguish BCAA metabolic defects as an under-appreciated culprit in cardiac diseases rather than an epiphenomenon associated with metabolic remodelling in the failing heart.
Metabolic regulation in heart failure
The onset of heart failure is associated with a major alteration of metabolism in cardiomyocytes. 1 -3 The well-studied shift from a fatty acid-dominant bioenergetic state into a more glycolytic state in stressed myocardium is generally viewed as a compensatory response with the initial purpose of enhancing oxygen/fuel utilization efficiency. 4 This metabolic switch to a 'foetal'-like pattern parallels similar changes in the gene expression profile. However, impairments in glucose utilization and suppression of fatty acid oxidation in myocytes in the pathological state ultimately lead to a deficiency in energy supply to overloaded myocardium. 2, 5 Bioenergenic defects are recognized as a critical contributor to the disease progression of heart failure. 2, 4, 5 Therefore, a great deal of effort has been devoted to investigating the regulatory mechanisms underlying the metabolic defects seen in failing hearts. Indeed, encouraging evidence has emerged that manipulating the fuel supply and substrate consumption can have a significant impact on the disease progression of heart failure. 3, 5 However, much of our current investigations is focused on fatty acids and carbohydrates; in contrast, protein and amino acid metabolism is underexplored, except in the rare cases of hereditary metabolic cardiomyopathies. 6 The relevance of amino acid metabolism in the general population of heart diseases remains poorly understood. Most metabolic and catabolic activities of amino acids occur in the liver. However, a subgroup of essential amino acids, the branched-chain amino acids (BCAAs), including leucine, isoleucine, and valine, are catabolized in non-hepatic tissues, mostly cardiac muscle, neuron, and kidney. 7 In this review, we will focus on some of the recent studies that have revealed a surprising role of BCAA catabolic activity in cardiac regulation, and we will examine the potential implication of these findings in clinical management and therapy of heart failure.
Branched-chain amino acids: catabolism and regulation
Leucine, isoleucine, and valine are collectively referred to as BCAAs due to their shared structural features in side-chain and a common catabolic pathway. BCAAs are essential amino acids in animals and must be acquired from external food. In addition to their role as key building blocks for peptide synthesis, BCAAs are also significant sources for biosynthesis of sterol, keto bodies, and glucose. 8 The molecular basis and the regulation of BCAA uptake remain poorly studied; however, L-type amino acid transporters 9 and bidirectional transporter for L-glutamine and L-leucine/EAA appear to play a major role in BCAA entry and activation of downstream signalling. 10 The final catabolic products of BCAA are acetyl-CoA and succinylCoA, which are consumed in mitochondria through tri-carboxylic acid cycle for the production of reduced nicotinamide adenine dinucleotide for respiration. Other than these metabolic roles, BCAAs, particularly leucine, have potent nutrient signalling activity in cells to promote protein synthesis, cellular metabolism, and cell growth in a mammalian target of rapamycin (mTOR)-dependent manner. 11 -13 Therefore, BCAAs are essential for normal growth and function at cellular and organism levels. However, an excess amount of free BCAA or their catabolic products can also be cytotoxic. Maple syrup urine disease, methylmalonic acidaemia, and propionic acidaemia are known genetic disorders resulting from defects in BCAA catabolic pathway ( Figure 1) . The clinical manifestations of these genetic disorders are mainly in the central nervous system, including seizure and mental retardation. 14 However, propionic acidaemia and methylmalonic acidaemia are highly associated with dilated and hypertrophic cardiomyopathies. 15 -20 In essence, maintaining BCAA homeostasis is critical to normal physiology, including heart muscle function. As BCAAs are essential amino acids and can be obtained only from external food sources, the homeostasis of free BCAA must be maintained at their catabolic steps. Unlike much of the other amino acid metabolic/catabolic activities that take place in liver, the first step of BCAA catabolism occurs in brain, muscle, and many non-hepatic tissues to convert BCAA into branched-chain a-keto-acids (BCKA) by branched-chain amino-transferase (BCAT). 21 The conversion of BCAA into BCKA can be affected by glutamate concentration and glutamate dehydrogenase activity since 2-oxoglutarate is the main acceptor of the amino group in this reaction. 7 BCKA are then oxidized by the branched-chain a-keto acid dehydrogenase (BCKD) complexes and eventually degraded into acetyl-CoA or succinyl-CoA ( Figure 1 ). The BCKD-mediated reaction is the rate-limiting step in the BCAA catabolic pathway and its activity determines the overall level of BCAA/ BCKA. Therefore, BCKD expression and activity is subjected to tight regulation to maintain BCAA homeostasis in response to external nutrient and growth signals. 7, 21 The BCKD complex genetically parallels pyruvate dehydrogenase complex (PDH), with similar subunit composition and regulatory mechanisms. Like PDH, BCKD holoenzyme activity is determined by the phosphorylation status of its regulatory subunit E1a. When the BCAA level is low, E1a is hyper-phosphorylated by a BCKD kinase, leading to inhibition of BCKD activity and preservation of free BCAA. When the BCAA level is high, E1a is dephosphorylated by a BCKD phophatase, leading to BCKD activation and reducing total BCAA. Therefore, BCKD dephosphorylation is a critical step in its enzyme activation and BCKD phosphatase likely has a major role in BCAA homeostasis. 21 
Regulation of BCAA catabolism and functional impact on heart
A mitochondrial-targeted 2C-type ser/thr protein phosphatase named PP2C in mitochondria (PP2Cm) was discovered based on genome scanning. 22 By proteomic and biochemical analysis, it has been established that PP2Cm is the endogenous BCKD phosphatase responsible for BCAA-induced dephosphorylation and activation of BCKD. 23 As expected, PP2Cm-deficient mice have impaired regulation of BCKD Figure 1 Regulation of the branched-chain amino acid catabolic pathway. A schematic illustration of major steps and enzyme complexes involved in the BCAA catabolic pathway and targeted organs as well as genetic disorders associated with the specific steps. TCA, tricarboxylic acid cycle (also known as the Krebs cycle).
activity, leading to significantly higher plasma levels of BCAA and BCKA either at basal or following ingestion of a high dose of BCAA. 23 In both zebrafish embryos and adult mice, PP2Cm is highly expressed in cardiac muscle cells as well as in the central nervous system, 22 which correlates well with BCKD activities observed in these tissues. 7, 22 The expression of PP2Cm in heart is also dynamically regulated by stress, as measured at both mRNA and protein levels, with significantly reduced expression in hypertrophic and failing hearts. 22 This raises questions about the potential role of BCAA and their catabolic regulation in cardiac muscle cell physiology and pathology. However, it is not clear whether the loss of PP2Cm expression and the resulting BCAA catabolic defects are merely epiphenomena associated with the global molecular and metabolic remodelling in stressed myocardium, or if they play an active role in overall pathology in the heart. By using morpholinos specifically targeted to the zPP2Cm (zebrafish homologue of mammalian PP2Cm) translation initiation codon (ATG-MO), PP2Cm inactivation was achieved, leading to a dose-dependent loss of cardiac contractility and premature death. 22 Induced apoptosis in PP2Cm-deficient zebrafish embryos or isolated rat ventricular myocytes was also observed. 22 This study provides strong evidence that BCAA catabolism is essential for normal cardiac physiology and cellular viability, and that PP2Cm-mediated BCAA catabolic regulation can be a potentially significant contributor to cardiac pathophysiology and disease progression.
Although the results from the zebrafish study are supportive of this new concept, more in vivo evidence from diseased human hearts and other models of heart failure is needed.
Potential mechanisms in BCAA-dependent cardiac regulation
The underlying mechanisms for the adverse effects of BCAA catabolic defects in the heart remain to be established. BCAA are not only an important nutrient source, but are also potent signalling molecules. BCAAs, especially L-leucine, are highly effective activators of mTOR signalling. 24 In the heart, mTOR activity is directly implicated in cardiac hypertrophy in a key pathway for protein synthesis regulation. 25 -27 In addition, BCAA-induced mTOR activation suppresses autophagy. 10 Autophagic activity is a known player in cardiac pathology, although whether it is protective or detrimental to the heart remains controversial. 28 -33 Finally, mTOR activation also triggers metabolic changes in muscle, liver, and other tissues by altering insulin sensitivity. 11 -13,34 -36 It is also known that BCAA/BCKA can inhibit pyruvate and fatty acid transport and utilization. 13, 37 Therefore, it is plausible that impaired BCAA catabolic activity in the stressed heart and the ensuing elevation of local BCAA concentration can lead to chronic induction of cardiac mTOR activity, which in turn promotes cardiac hypertrophy, suppressing cardioprotective autophagy, and impairing bioenergetic regulation in the heart. However, a recent report from D'Antona et al. 38 suggests that BCAA dietary supplement can promote skeletal and cardiac muscle survival and prolongs life span in middle-aged mice. The underlying mechanisms appear to be related to mTOR-mediated insulin signalling. Therefore, the culprit responsible for the BCAA catabolic defect-induced cardiac phenotype cannot be simply attributed to the mTOR pathway induced by BCAA. In addition to mTOR, BCAA and/or their catabolic intermediate products, such as BCKAs, can have a direct impact on mitochondrial function and cellular viability. In propionic aciduria or methylmalonic aciduria patients, dilated cardiomyopathy is a frequent complication that is associated with defects in the mitochondrial respiratory chain. 16 Romano et al. 15 reported recently that liver transplant in propionic aciduria patients could reverse the clinical symptoms of cardiomyopathy along with other signs of metabolic stress, supporting the hypothesis that systemic induction of catabolic intermediates of BCAA may be the culprit that triggers cardiac dysfunction. However, the direct impact of BCAA and their catabolic intermediate products on mitochondrial performance and contractile function in the heart has never been investigated. Associated with loss of cellular viability, reactive oxygen species (ROS) levels are also significantly elevated in PP2Cm-deficient cells and tissues, and PP2Cm-deficient mitochondria are more susceptible to calcium-induced permeability transition pore opening in the absence of external BCKA/BCAA challenge. 22 These data suggest that PP2Cm as a mitochondrial matrix phosphatase may have other direct or indirect downstream targets to regulate myocyte function and viability via modulating ROS and permeability transition pore (Figure 2 ).
Perspectives
It is interesting to observe that PP2Cm mRNA is enriched in the brain, heart muscle, and diaphragm muscle in adult mice, but not in skeletal muscle and other tissues. 22 It implies that BCAA catabolic activities are higher in organs of vital importance that have a high sensitivity to energy supply. It can be assumed that if BCAAs are used as a source of bioenergetic fuel, tissues like the heart, brain, and diaphragm would have priority access. This may be particularly important under nutrient-starved conditions when chronic malnutrition can lead to skeletal muscle waste while preserving cardiac or diaphragm muscle function and integrity. This hypothesis can now be tested in PP2Cm null mice to determine whether BCAA regulation in the brain, heart, and diaphragm is related to tolerance for nutrient deficit.
Although we observed a significant change of PP2Cm expression in the pathologically stressed heart, the underlying significance remains to be Figure 2 Potential role of BCAA/BCKA catabolism in heart failure.
Illustration of the potential impact of reduced expression of PP2Cm in stressed heart in BCAA catabolism and cardiac remodelling. BCKD, branched-chain a-keto acid dehydrogenase; BCKDK, BCKD kinase; ETC, electron transfer chain; ROS, reactive oxygen species; BCAA, branched-chain amino acids; BCKA, branched-chain keto acids; MPTP, mitochondrial permeability transition pore.
established. It can be expected that reduced expression of PP2Cm will lead to increased concentration of free BCAA (as demonstrated in PP2Cm null animals), which may provide necessary building material as well as additional nutrient signals to promote myocyte hypertrophy and other remodelling processes. In such a case, reduced BCAA catabolism can be viewed as part of a well-orchestrated metabolic remodelling programme in stressed heart to meet the shift in energetic demand as well as growth demand. However, since PP2Cm deficiency is sufficient to cause cardiac pathology, this would imply that reduced BCAA catabolic activity in diseased heart may not be entirely beneficial or compensatory in nature, but rather that it has a potential contributing role to the overall pathogenesis of the disease. Chronic activation of the mTOR pathway, suppressing cardioprotective autophagy activity and shift in bioenergetic activities, as well as mis-regulation of other intra-mitochondrial activities, such as ROS and mPTP, may be the unintended 'side-effects'. A recent study based on metabolic profiling of peripheral blood has demonstrated a link between abnormal BCAA metabolism and coronary diseases, 39 while other studies showed a strong link between BCAA catabolic defects and the onset of metabolic syndrome, such as insulin resistance and obesity. 12, 36 In the whole landscape of metabolic cardiomyopathy, the specific role of BCAA catabolic regulation may have been underappreciated. Future studies in this area will be greatly facilitated by the availability of a number of new genetic models 40 that can manipulate BCAA catabolic activity in a tissue and developmental stage-specific manner. The insights from these studies would shed new light on the pathogenesis of metabolic cardiomyopathy as well as other metabolic diseases, such as diabetics, obesity, and central nervous system abnormalities.
